We report Monte Carlo simulations of solvation of a point dipole in dipolar-quadrupolar solvents of varying dipole moment and axial quadrupole. The simulations are carried out to test the prediction of dielectric solvation models of a monotonic increase of the absolute value of the solvation chemical potential ͉ p ͉ with the solvent dielectric constant ⑀. Dielectric constants are obtained from pure liquid simulations carried out for each solvent used in solvation simulations. A raising dependence of ͉ p ͉ on ⑀, in qualitative agreement with dielectric solvation models, is seen when the solvent dipole moment is varied at constant solvent quadrupole. An increase in the axial quadrupole at constant solvent dipole reduces the dielectric constant at the same time leading to higher ͉ p ͉ values. The simulations and dielectric models thus give the opposite dependence on the solvent quadrupole for any solvent dipole. We also show that for solvation in dipolar-quadrupolar solvents the saturation limit ͉ p ͉→const at ⑀ӷ1 predicted by linear response dielectric continuum models actually occurs in the range of nonlinear solvation.
I. INTRODUCTION
Dielectric cavity models of solvation give the solvation chemical potential as the electrostatic free energy of interaction of the solute charges ͑monopoles or higher multipoles͒ with the electric potential of charges induced in the dielectric representing the solvent. [1] [2] [3] In this description, the dielectric constant is the only parameter representing the solvent polarity. 4 All known dielectric cavity calculations predict that, for a given cavity ͑subscript ''c''͒, the negative of the solvation chemical potential Ϫ p is a monotonically increasing function of the dielectric constant ⑀, 1-3
The chemical potential goes to a saturation limit
at large ⑀ӷ1. 5 This property is especially important for polar solvation as the saturation limit is actually reached for many commonly used polar solvents. The dielectric cavity is not specified in dielectric continuum models and should be found from a separate procedure. 6, 7 The theory consistency, however, requires that the cavity does not change with ⑀.
Dielectric continuum models belong to the class of solvation theories employing the linear response approximation ͑LRA͒. This assumes that the electric potential of the charges induced in the dielectric by the solute electric field is a linear function of solute's multipole. This assumption leads to a number of general relations for the cumulants ͗(␦v 0s ) 
͑5͒
The prediction of the monotonic increase of Ϫ p with ⑀ should be tested on model systems for which ⑀ can be varied for a given solute. The Kirkwood relation 11, 12 ͑ ⑀Ϫ1͒͑2⑀ϩ1͒
indicates which solvent parameters affect the magnitude of ⑀. In Eq. ͑6͒, g K is the Kirkwood g factor, 11 y ϭ(4/9)␤(mЈ) 2 , and y e ϭ(4/3)␣Ј; mЈ and ␣Ј are the condensed-phase dipole moment and polarizability of the solvent molecules. The density of induced dipoles y e has essentially the same magnitude for most molecular solvents at normal conditions. The dielectric constant can thus be effectively varied but changing either y or g K . The former is achieved by changing the dipole moment of the solvent molecules. The latter is more involved as the g factor is determined by the details of the local solvent ordering affected by such factors as molecular nonsphericity and solvent association. 11 Changing solvent molecular shape also affects the solvent packing and thus the y parameter. A more effective variation of the g factor, independent of y, can be achieved by introducing solvent quadrupole. 12, 13 The component of the molecular quadrupole matrix along the direction of the molecular dipole moment ͑axial quadrupole͒ strongly affects orientational correlations of the solvent molecules making perpendicular orientations more energetically favorable compared to purely parallel orientations of dipolar fluids. The breaking of the dipolar orientational order reduces the g factor thus lowering ⑀. 12 More importantly, this variation of ⑀ can be achieved at constant y, thus providing two independent ways of changing the dielectric constant. If the emphasis of the dielectric solvation models on ⑀ as the only solvent property affecting p is correct, the solvation energetics should be independent of the way ⑀ is varied. The goal of this study is to test the validity of this presumption, and evaluate its possible errors, on computer simulations of dipole solvation in dipolar-quadrupolar solvents.
Quadrupolar solvation has attracted considerable interest recently 14 -22 in applications of solvation to optical spectroscopy and electron transfer reactions in nondipolar solvents, when yϭmЈϭ0 in Eq. ͑6͒. The dielectric constant is then equal to its high-frequency value ⑀ ϱ and, according to dielectric solvation models ͓Eq. ͑1͔͒, only electronic solvation contributes to p . In contrast to this prediction, both experiment 14, 18, 19 and liquid-state calculations [15] [16] [17] 21 show a substantial nuclear solvation component in p in nondipolar solvents. This nuclear solvation has been attributed to higher solvent multipoles, with by far the most significant contribution from molecular quadrupoles. 16 The dielectric cavity models obviously were not designed to account for nondipolar solvation. 4 The present article extends this notion to polar solvation in general. We show that changes in solvent quadrupole result in variations of the solvation chemical potential opposite to those predicted by dielectric solvation models for solvents of arbitrary polarity.
II. RESULTS
To simplify the system setup, and thus enhance the efficiency of computer simulations, we consider here solvation of a point-dipole hard-sphere ͑HS͒ solute for which the Onsager model 3,23-25 gives
where r c is the radius of a spherical cavity. Two sets of Monte Carlo ͑MC͒ simulations were carried out: the solvation experiment at infinite dilution and simulations of pure solvents. In the first setup, Nϭ500 dipolar hard sphere solvent molecules of reduced number density 3 ϭ0.8 were placed to a cubic simulation box containing one spherical solute with a centered point dipole. 17 The solvent molecules bear embedded point dipoles and linear ͑axial͒ quadrupoles. ͑Linear quadrupoles imply that the quadrupole matrix is diagonal when one of the principle molecular axes is along the dipole vector.͒ The solute was represented as a hard sphere of radius larger than that of the solvent molecules. The solute/solvent diameter ratio of 0 /ϭ1.8 falls in the range of values often encountered for organic chromophores in molecular solvents. 14, 18, 19, 21 The reduced dipolar strength (m*) 2 ϭ␤m 2 / 3 and the reduced quadrupolar strength (Q*) 2 ϭ␤Q 2 / 5 of the solvent were varied in the following fashion: for each value of (Q*) 2 ϭ͕0.1,0.2,0.3,0.4,0.5͖ we changed (m*) 2 from 0.5 to 8.0 with the step of 0.5. The reduced dipolar strength of the solute ␤m 0 2 / 0 3 was fixed at 2.75. Both the solute and the solvent are assumed to be nonpolarizible and, in Eq. ͑6͒, mЈϭm and y e ϭ0. The dipole-quadrupole pairwise interaction potential was taken according to Ref. 26 . Periodic boundary conditions and the reaction field corrections for the cutoff of dipole-dipole and quadrupole-quadrupole interactions 27 were adopted. For each set of solvent parameters used in solvation simulations, a separate simulation of a pure solvent has been performed in order to calculate the corresponding dielectric constant with the finite-size corrections according to Neumann. 28 Both sets of simulations were carried out on 1.2ϫ10 6 MC cycles, with averages calculated on 6ϫ10 5 cycles. No significant dependence of the observed parameters on the number of particles in the simulation box was found as confirmed by test simulations with Nϭ864. Figure 1 shows the dependence of ⑀ on y at different values of (Q*) 2 . We observe that the variation of the axial quadrupole from (Q*) 2 ϭ0.0 to (Q*) 2 ϭ0.5 alters the dielectric constant by about a factor of 0.3 at (m*) 2 Ӎ3. Note that the magnitudes of the reduced quadrupole used in simulations are quite common for molecular liquids ͓e.g., (Q*) 2 ϭ0.2 for acetone and (Q*) 2 ϭ0.8 for dimethylsulfoxide 21 ͔. Figure 2 shows the dependence of the average solutesolvent interaction energy Ϫ␤͗v 0s ͘ ͑a͒ and the second cumulants ␤͗(␦v 0s ) 2 ͘ and ␤͗(␦v 0s ) 2 ͘ 0 ͑b͒ on y at different values of (Q*) 2 ͑the simulated values are listed in Table I͒ . Two main observations follow from the simulations: ͑1͒ The solute-solvent interaction energy levels off at yӷ1 and ͑2͒ the LRA relation between the second cumulants ͓Eq. ͑4͔͒ breaks down at yϾ5. Our previous study of dipolar solvation in highly dipolar solvents 10 showed that the LRA gives a linear (ϰy) asymptote for ␤͗(␦v 0s ) 2 ͘ 0 at yӷ1. The solvation saturation ͓Eq. ͑2͔͒, predicted by the dielectric models in the LRA limit, actually occurs due to nonlinear solvation effects. The inclusion of axial molecular quadrupoles does not affect this conclusion. To summarize, the average energy does go to a saturation limit, but nothing can be said about the solvation chemical potential as the LRA breaks down at about yϾ5.
Now we turn to the alteration of the dielectric constant by changing the solvent quadrupole moment at constant y. This affects ⑀ through g K ͓Eq. ͑6͔͒. The computer simula- tions at different (Q*) 2 were carried out for yϽ2.5 to ensure the LRA limit to hold for a direct comparison with the linear response Onsager model ͓Eq. ͑7͔͒. The LRA relations in Eqs. ͑3͒ and ͑4͒ hold indeed in our simulations within 8% deviation. The increase in the solvent quadrupole affects the solute-solvent interaction energy in two ways. First, there is a direct interaction of the solute dipole with the solvent quadrupole that enhances the average interaction energy. Second, quadrupoles break dipolar correlations thus diminishing the restoring force acting on each solvent dipole from all other dipoles in the solvent. This effect reduces the absolute magnitude of the two-molecule term which is subtracted from the singe-molecule term in the LRA expression for the solvation chemical potential. 29, 30 Both effects act to increase Ϫ p as is illustrated in Fig. 3 ͑closed points, ''MC''͒. In contrast, an increase in (Q*) 2 reduces ⑀ lowering the dielectric Ϫ p ͑open points in Fig. 3 indicate the prediction of the Onsager model, ''O''͒. The computer simulations and dielectric cavity models thus give opposite trends for p with increasing (Q*) 2 in polar solvents with y 0. Figure 4 shows the dependence of the reduced chemical potential, p ((Q*) 2 0)/ p ((Q*) 2 ϭ0), calculated according to Eqs. ͑5͒ and ͑7͒ with ⑀ generated by MC simulations at different y values. The reduced quantities are considered to eliminate the unknown cavity radius and to focus solely on the solvent dependence. The Onsager picture gives an increasing chemical potential, whereas the simulated potentials drop significantly, especially at low dielectric constants. At high ⑀, the sensitivity of solvation to axial quadrupole diminishes and p ((Q*) 2 0)/ p ((Q*) 2 ϭ0)→1 at ⑀ӷ1.
III. DISCUSSION
The dielectric constant is a composite macroscopic solvent property affected by a number of molecular solvent parameters. The main factors influencing the magnitude of the dielectric constant can be conveniently separated into the long-range effect of dipole-dipole correlations and shortrange effect of local molecular ordering embraced by the Kirkwood factor. 31 The success of dielectric continuum models in describing solvation in molecular solvents 6, 7 is often attributed to this composite nature of the dielectric constant which is assumed to represent a combined effect of both dipolar forces and specific interactions responsible for local molecular ordering in the solvent. The present article demonstrates that the prediction of ͉ p ͉ raising with ⑀ qualitatively reflects only the trend of enhancing solvation with increasing solvent dipole. The effect of local ordering on solvation thermodynamics may be wrongly reproduced by dielectric continuum models, as is shown here for the effect of molecular quadrupole. Our results indicate that the dielectric constant may be a misleading parameter when effects of local solvent structure on solvation are involved.
